Introduction
[2] Acidic pit lakes have formed worldwide in voids resulting from mines for coal, gold, base metals, and uranium, among others [e.g., Miller et al., 1996; Eary, 1999] . There is increasing awareness of the importance of prediction of water quality evolution in pit lakes as a basis for managing long-term environmental, financial, and social impacts of mining. The acidity is generated by association of ore minerals with iron sulfide minerals, such as pyrite (FeS 2 ), which oxidize upon exposure to oxygen, resulting in the release of acidity in the form of dissolved Fe(II) and H+:
[3] Subsequent oxidation of Fe(II) to Fe(III) consumes protons, but precipitation of Fe(III) produces additional protons, e.g.:
Aluminum, released by acid-enhanced weathering of minerals such as aluminosilicates, behaves in a similar manner to Fe(III) (equation (2)), and thus also contributes to acidity in solution. As a result of these and other reactions, pit lakes often exhibit high concentrations of acidity, sulfate, and metals; conditions of low pH lead to greater mobility and bioavailability of metals. Such water quality severely limits beneficial enduses of the site [e.g., Doupé and Lymbery, 2005] and may constitute an environmental hazard both in the water body itself and for downstream environments and water resources [Miller et al., 1996; Geller et al., 1998 ].
[4] Alkalinity may be produced by naturally occurring microbially mediated processes, such as the reduction of NO 3 À , Fe(III) and SO 4 , which occur under anaerobic conditions [e.g., Kelly et al., 1982] :
(equations from Stumm and Morgan [1996] ). If associated with degassing of reaction products or the precipitation of secondary iron sulfides, this internal alkalinity generation (IAG) has the potential to ameliorate water column acidity. However, laboratory and mesocosm experiments with sediments from acidic pit lakes have shown that the main factor limiting alkalinity generation is the availability of labile organic carbon, in either dissolved or particulate form [e.g., Wendt-Potthoff et al., 2002; Frömmichen et al., 2003 Frömmichen et al., , 2004 ; see also review in Blodau, 2006] . Therefore correctly conceptualizing and quantifying controls on sources and sinks of organic carbon in acidic pit lakes may be key for predicting whether acidic lakes will become more or less acidic with time, and furthermore, whether mitigation or remediation can be achieved without costly, long-term remediation measures, such as ongoing, large-scale chemical addition.
[5] Water quality in any lake is affected by the external water, mass, and energy balances, as well as internal processes, which may include: (1) physical processes, e.g., transport, mixing/stratification, exchange of gases with the atmosphere; (2) geochemical processes, e.g., aqueous speciation, mineral precipitation/dissolution, sorption, photochemical reactions; and (3) biological processes, e.g., primary production due to photosynthesis, microbially mediated mineralization of organic matter and associated redox reactions (e.g., equations (3) -(5)).
[6] A number of general overview papers exist on sources and sinks of acidity in and around pit lakes [Miller et al., 1996; Geller et al., 1998; Blodau, 2006] and numerous studies have characterized pit lakes with respect to physical limnology, geochemistry, biology, or sediment processes [e.g., Stevens et al., 2005; Davis and Ashenberg, 1989; Nixdorf et al., 1998; Wendt-Potthoff et al., 2002] . In addition, extensive literature exists describing interactions between acidity and sources and sinks of carbon and nutrients in the context of lakes acidified by atmospheric deposition and process engineering [e.g., Schindler et al., 1991 Schindler et al., , 1997 Kastl et al., 2004] . However, despite the close links between sinks and sources of organic carbon and geochemical and physical processes in the water column and sediment, the integrated effect of physical, chemical and biological controls on pit lake water quality evolution has rarely been considered. The overall aim of our study was thus to test our conceptual understanding, synthesized from highly disparate, scattered and interdisciplinary literature sources, of processes controlling the water quality evolution in acidic systems such as pit lakes.
[7] The Collie coal basin in south-west Western Australia has a number of acidic pit lakes in existence, including Lake Kepwari (formerly known as void WO5B; Figure 1 ). Since the cessation of mining in 1997 the lake has been rapidly filled in stages (Figure 2 ) via diversion of the adjacent Collie River South Branch, reaching the capacity volume of approx. 24 gigaliters (GL) in 2005. At the start of the field investigations described below in 2004, the pH in the lake had increased from a minimum of 3.6 to just below Figure 1 . Bathymetric map of Lake Kepwari, showing 10 m depth contours and the location of the Lake Diagnostic System (Â), the additional sampling sites (S and N), and the river inflow. Figure 2 . Changes in water level and pH in Lake Kepwari as the lake was filled by river diversion (source: Wesfarmers Premier Coal). Diversion periods are indicated by vertical dotted lines and are associated with increase in lake height and pH; trendlines for pH indicate trends during or between diversion periods. Also shown are the results of the water balance calculation (see equation (7) and associated text). 5, which is the minimum value stipulated for recreational use of the lake. It was our objective to assess whether the acidity (or alkalinity) of the lake would increase or decrease with time; as became clear from the pH data collected after commencement of this study (Figure 2 , squares), pH exhibited a downward trend from 2005 onward. This understanding of the controls on pH required geochemical characterization of the lake and its inflows, establishment of external mass balances, and formulation of a conceptual model of interactions between physical, chemical and biological lake processes.
Methods

Site Description
[8] Lake Kepwari, formerly known as Mine Lake WO5B, is a pit lake located in the Cardiff Sub-basin of the Collie Coal Basin, 160 km south-southeast of Perth, Western Australia (Figure 1) . The region has a Mediterranean climate with hot, dry summers (12 to 29°C) and cool, wet winters (4 to 15°C). The annual average wind speed at the center of the lake is around 3 m s
À1
, with peaks of up to 9 m s
. The 100-year average annual rainfall for the Collie Basin is between 730 and 950 mm, the majority of which occurs between May and September; however the annual rainfall for the past 10 years, monitored by the mining company, was approximately 600 mm. The average annual potential evaporation is estimated to be between 1450 and 1650 mm.
[9] The Collie Basin has a complex hydrogeology due to the prevalence of faults throughout the many geological formations, extensive underground and open cut mining, and the large volumes of groundwater abstraction, both historically and ongoing today [Varma, 2002] . Prior to mining of the Lake Kepwari pit, the largely unsaturated Cretaceous Nakina Formation, made up of claystone, sandstone and conglomerate, formed the surficial soils. This formation was extensively excavated to access the underlying Permian Muja Coal Measure, made up of sandstone, siltstone and numerous black, sub-bituminous coal seams [Varma, 2002] . Since the cessation of mining in the pit in 1997, the slopes and overburden piles surrounding the pit have been landscaped and revegetated; coal seams exposed during mining are covered and/or submerged.
[10] Dewatering of the WO5B pit ceased in 1997 and the void started to fill with groundwater and precipitation. By 1999, the lake volume was approximately 1.2 GL, or 5% of the final lake capacity of approximately 24 GL. Between 1999 and 2005 the lake was rapidly filled by annual winter diversion of the adjacent ephemeral Collie River South Branch (Figure 2) , with the exception of 2001, when flow in the river was insufficient for diversion. Inflow of the river, which was diverted around the void prior to mining, was through a valve that allowed control of inflow rates; overflow culverts limited the maximum height of the water level to approximately 186 m AHD (Australian Height Datum), above which the lake would overflow back into the river. The volume of the lake in 2001, when preliminary water quality samples were collected (see below), was approximately half the final volume. During the main field investigations described in this paper (2004 -2005) , the maximum depth of the lake was approximately 65 m, and the lake surface area was approximately 1 km 2 .
Field Measurements
[11] A Lake Diagnostic System (LDS, Precision Measurement Engineering) was installed at the deepest point of the lake (Figure 1 ) from October 2003 to March 2006. The LDS measured wind speed, wind direction, air temperature, relative humidity and short wave and net radiation, at a sampling rate of 15 seconds. The LDS also recorded water column temperature via 20 thermistors over the 60 m water depth.
[12] Water column profiles of temperature, conductivity, dissolved oxygen (DO) and pH, with depth resolutions ranging from 2 cm to 2 m, were measured on 12 May, 28 July, 23 September, and 2 November 2004, and in 2005 on 15 February, 10 May, and 26 July. Profiles were made using a fine-scale conductivity-temperature-depth (CTD) profiler mounted with Seabird sensors until February 2005, after which a Hydrolab Datasonde 4a probe was used. On all occasions, 2-point calibration was performed on pH, DO and conductivity sensors immediately prior to the field campaign. Conductivity was corrected to 25°C according to standard methods [APHA, 1992] . The density of samples from the lake was checked with an Anton Paar digital densitometer and, over the ranges of found in the lake, was found to be consistent with the density computed from the UNESCO Equation of State with a high degree of accuracy. Profiles were measured at multiple sites across the lake to characterize any horizontal heterogeneity. In-situ redox potential profiles were measured using a platinum electrode mounted on a probe ( Figure 1 ). Water samples were collected by hand from immediately below the surface and from depth using a van Dorn sampler, with separate drops for depth duplicates. Each water sample was transferred to a 1-L high-density polyethylene bottle (soaked in 10% hydrochloric acid, repeatedly soaked in fresh deionized water and rinsed 3 times with sample water at the time of collection) that was filled to minimize airspace. The bottles were shielded from ambient light and kept as close as possible to constant temperature until sub-sampling and filtering (where necessary), which occurred on site or nearby, as soon as possible after collection (always within six hours).
[14] One subsample (125 mL) was filtered through 0.45 mm cellulose acetate single use syringe filters into low-density polyethylene bottles; syringes and bottles were acid washed as described above. The filtered sample was acidified to pH < 2 using p. . Additional unfiltered subsamples were set aside for total nitrogen (total N) and total phosphorus (total P) analysis, after persulfate and autoclave digestion. In May 2004 and July 2005, unfiltered water samples were also collected for ICP analysis of total (unfiltered) concentrations of major cations and sulfur, with sample acidification and aqua regia (mixture of hydrochloric and nitric acids) digestion prior to analysis. Samples were stored at 4°C or below until analysis.
[15] Water samples were collected for analysis of total and dissolved organic carbon (TOC/DOC) and dissolved inorganic carbon (DIC) from three depths in May 2004 and from all depths on the other sampling occasions. Amber glass bottles were rinsed 3 times with sample and filled to minimize airspace. These samples were stored on ice for analysis by combustion-non-dispersive infrared method (NDIR; Shimadzu Corporation TOC 5000A) after filtration as required. Discrete samples were also collected for chlorophyll a analysis, using a benchtop fluorometer, from depths of 5 and 21 m in March and 5 and 10 m in July of 2004.
[16] In May 2005 additional water samples were collected from a number of depths for spectrophotometric analysis of Fe(II) and total Fe. Immediately after being brought to the lake surface, water samples were transferred into an acid washed syringe and 50 ml was filtered through 0.45 mm cellulose acetate filters into acid washed 125 ml low-density polyethylene bottles that contained 2.5 ml of p.a. grade 0.1 M H 2 SO 4 and stored on ice until analysis (within eight hours). Immediately prior to analysis, samples were allowed to attain room temperature and returned to pH 3-5 by addition of 1.5 ml 0.1 M NaOH. Samples were analyzed for Fe(II) and total dissolved Fe using a HACH spectrophotometer (DR/2000); the concentration of total dissolved Fe analyzed by this method agreed well with analyses by ICP-AES on samples collected simultaneously by the method described above.
[17] Sampling, travel, and analytical blanks were collected and analyzed on all sampling occasions. Analyses of duplicate samples collected from the same depths generally showed agreement to within 10%. The charge balance of cations and anions for all samples was generally within 5%.
Additional Water Samples
[18] Water samples were collected in duplicate from the Collie River South Branch immediately adjacent to the diversion culvert on 9 occasions (6, 13, 23, 29 June, 3 times on 20 July and twice on 21 July) during the 2004 river diversion into the lake. Surface runoff from the slopes surrounding the lake occurred only during rain events; replicate samples were collected during a rain event on 20 July 2004, one week prior to lake sampling. Samples were also collected in July 2001 from 1 m below the surface of the lake. The samples were processed by similar methods as described above, and analyzed for the same parameters as the water column samples.
Acidity Calculations
[19] The acidity of a solution is its capacity to neutralize OH À with respect to predefined reference species. Following the approach outlined in Blodau [2006] , we define a reference condition, in this case a solution in equilibrium with the atmosphere at pH 5.6; references species then include Fe(OH) 3 (s), Al(OH) 3 (s), and H 2 CO 3 . Acidity for relevant species in Lake Kepwari can then be calculated from:
where the square brackets indicate total dissolved concentration in mol L
À1
. This equation reflects that in order to increase the pH of an acidic, Al-and Fe-bearing solution, sufficient alkalinity needs to be added to remove free protons as well as precipitate Fe(III) and Al (see equation (2)), where Fe(III) is likely to precipitate first because of lower solubility at a given pH [see, e.g., Totsche et al., 2003; Kirby and Cravotta, 2005] . For the water column and other solutions used in the mass balance calculations described below, speciation was obtained by applying the geochemical equilibrium model PHREEQC [Parkhurst and Appelo, 1999] with thermodynamic data from the WATEQ4F database [Ball and Nordstrom, 1991] . The dominant Al species in the lake was AlSO 4 + ; this was assumed to have the same acidity contribution as Al 3+ . For acidity calculations all Fe in the water column was assumed to be Fe(III), which may lead to a slight error in calculation of acidity if iron is present as Fe(II) (see section 3 below); however, Fe was a minor component of the overall acidity in the water column. Note that Fe(II) is soluble over a much wider range of pH values than Fe(III); anoxic groundwater may thus have a high pH and high levels of acidity, because of Fe(II). Upon exposure to oxygen, oxidation of Fe(II) to Fe(III) and precipitation (equation (2)) will produce H + .
Saturation Indices
[20] In order to investigate the possibility of solubility equilibrium control of aqueous concentrations and pH in the lake, aqueous speciation and saturation indices were calculated using PHREEQC and the WATEQ4F database [Ball and Nordstrom, 1991] , which also includes solubility constants for the solid phases discussed below in relation to solubility equilibrium. Additional thermodynamic data for the Fe(III)-SO 4 mineral schwertmannite was taken from Yu et al. [2002] . Total Fe and redox values were used as inputs to the modeling, as geochemical equilibrium calculations with PHREEQC indicated that this approach closely reproduced the Fe(II) concentrations measured in Lake Kepwari in May 2005 (see results and Figure 5 below), and redox potential and total Fe data were available for the other sampling occasions. As the concentrations of DOC in the lake were very low, and the specific complexing properties of the Lake Kepwari DOC not determined in this study, DOC complexation was not included in the saturation index calculations.
Conservative Mass Balance Calculations
[21] In order to establish a basis for interpreting temporal trends in lake water quality observations, we quantified the effect of known external processes through simple, conservative (not affected by reaction) mass balances over the lake. Comparison of calculations with field observations reveals whether changes in concentrations with time are due to the effect of inflows and/or evapoconcentration, or whether there are an additional sink or source term(s) in/ around the lake. For the i + 1 th timestep, evolution of lake volume (V) was estimated according to:
where V i is the lake volume at the end of the previous timestep, V r , V p , V gi , and V sr are volumes gained over the timestep due to riverine diversion, precipitation, groundwater inflow, and surface runoff, respectively, and V e and V go are volumes lost due to evaporation and groundwater outflow, respectively.
[22] The mass of any component in the lake, M, on the i + 1 th timestep, is given by:
where C i is the solute concentration on the lake at the previous timestep, C r , C sr , and C gi are the solute concentrations in the river inflow, surface runoff, and groundwater inflow, respectively, and C* is an approximate concentration in the void for the timestep. The solute concentration in each inflow was assumed to be constant for the timestep and evaporation and precipitation (see equation (7)) were assumed to not have any associated chemical mass flux. The C* term was approximated with C i+1 , then equation (8) rearranged for C i+1 :
Input Data-Volumes
[23] For the water balance calculation, the result of which is shown in Figure 2 , the following parameter values were used in equation (7). 2.8.1. Groundwater Inflow and Outflow, V g
[24] The current volume of annual groundwater discharge or recharge to the lake was unknown. As a sensitivity analysis of the volume of groundwater inflow, we test two scenarios, V g (= V gi = V go ) = 0 or 2.2 GL. The 2.2 GL estimate is based on the groundwater input (at 17°C) required to reproduce the hypolimnetic temperature measured in the lake using a hydrodynamic energy balance model (G. Wake, personal communication).
River Inflow, V r
[25] Yearly diversion volumes, estimated from the specifications of the valve used for the river diversion, may have underestimated the volume of river water entering the lake, as when the river ran high there was ''backflow'' into the lake through the lake overflow culverts. For comparison with field data we thus calibrated Vr to match measured lake levels (2002, 6.5 GL; 2003, 2.4 GL; 2004, 1.7 GL; 2005, 1.1 GL; 2006, 0.6 GL) . For the forward water balance calculation from 2007 onward, the river was used to top up the void to the maximum height (186 m) each year after summer evaporation and potential groundwater recharge, without overflow; this required an input of 1.4 GL of river water in 2007 and 1 GL each year after that. The river inflow was assumed to occur in the mid-winter month of July each year; the year was divided into two timesteps, one during the period of river inflow, and the other for the remainder of the year. 2.8.3. Surface Runoff Inflow, V sr
[26] The annual volume of surface runoff inflow was assumed to be 0.05 GL year À1 [Varma, 2002] and was assumed to occur during river inflow periods. [28] Evaporation was set to the regional average of 1.5 m year À1 .
Input Concentrations
[29] The concentration terms in equation (9) were estimated as detailed below (see Table 1 for numerical values). 2.9.1. Initial Lake Concentrations, C i,0
[30] The initial lake concentrations were taken as those measured in June 2001, at which time the lake was fully mixed. 2.9.2. Riverine Concentrations, C r
[31] The river drains an agricultural catchment and flows only in the winter; while there are known temporal variations in dissolved concentrations, the main concentration spikes occur early in the wet season prior to river diversion. Continuously logged, temperature-corrected conductivity, measured downstream of the diversion point, correlated well with our discrete measurements of major ion concentrations at the diversion point, but poorly with minor ions, including nutrients. For all ions we thus approximated the river concentrations from the average of the discrete river sample analyses in 2004 (Table 1 ) and, as a first estimate, assumed constant solute concentrations throughout each diversion period and across years. 2.9.3. Surface Runoff Concentrations, C sr
[32] These concentrations were estimated by averaging duplicate samples of surface runoff, collected from one location as the runoff entered the lake during a rain event in July 2004. The runoff quality may differ significantly around the lake due to heterogeneity in the overburden material, and/or with time due to flushing of seasonally accumulated weathering products from the overburden. 2.9.4. Groundwater Concentrations, C gi
[33] Data for groundwater samples were only available from four locations and a limited number of sampling occasions. Furthermore, only a limited number of parameters were analyzed, and it is not known whether any of the samples collected were representative of the groundwater actually entering the lake. To give an indication of available data, Table 1 shows the range of concentrations observed. Note that of the species that contributed to acidity, pH and Fe concentrations varied greatly, and Al has not been measured in any groundwater samples. Similarly, DOC and trace elements have not been measured.
[34] As C g was thus essentially an unknown, for those species where the mass balance groundwater scenario with V g = 2.2 GL and C g = 0 underestimated the field observations, we increased C g to match the field observations, then compared this value (C g,fit ) with the range of values observed in the groundwater analyses.
Results
Field Measurements
[35] In both 2004 and 2005, thermal stratification in the lake began in late September, peaked in February (maximum surface temperatures of 25°C) and began breaking down in May (Figure 3) , although stratification was still in place at the time of sampling in both years (Figure 4a) . By June the lake was fully mixed and remained isothermal over the winter months; the minimum water temperature was 13°C. Note that the river diversion occurred when the lake was isothermal.
[36] On all sampling occasions there was little horizontal variability in temperature, conductivity, pH, DO or redox potential (not shown). In both years, by the end of the summer, the conductivity was higher in the epilimnion than in the hypolimnion, probably due to evapoconcentration of the surface waters (Figure 4b ). The pH in the lake was between 4.5 and 5, with no clear temporal trend over the 2004 -2005 period of investigation (Figure 4c ).
[37] Dissolved oxygen concentrations were close to saturation in the upper waters of the lake on all sampling occasions (Figure 4d ). Undersaturation was generally observed in the hypolimnion during stratified periods, however supersaturation was observed just below the thermocline in , indicating photic depths of 22 m and 6 m in May and July, respectively. The higher July chlorophyll a concentrations indicated higher biomass, which may have caused the shallower photic depths observed at that time. However, the lower photic depth during the winter may also be due to fine inorganic particles, as substantial transport of particulate matter from the surrounding slopes into the lake was observed during the sampled rain event. Note the maximum chlorophyll a concentrations measured in this lake were very low relative to most aquatic systems [Wetzel, 2001] . , with the exception of total Al and total Fe, which are the average of 2 single samples from 0 and 49 m at the LDS. Total P is the average of samples from locations S and N only, as all samples at the LDS were below the detection limit (5 mg P L À1 ). Average concentrations in all river samples, with range given as (min -max).
c Range (min -max) of analyses of groundwater samples collected at 2 locations in 1998 (one depth and one sampling occasion [Varma, 2002] ), and at 2 locations on multiple sampling occasions from 1997 to 2007 (3 depths; source: Wesfarmers Premier Coal). 
Aqueous Geochemistry
[38] Depth averaged solute concentrations for all major species in the lake in July 2004, when the lake was well mixed, are presented in Table 1 . The major dissolved ions were Cl and Na, followed by SO 4 2À , Mg, and Ca. Concentrations of elements analyzed but not shown in Table 1 were low or below the detection limit, and therefore unlikely to play a major role in controlling the water quality in the lake. Total concentrations of most major inorganic elements were the same as dissolved concentrations (not shown), with the exception of slightly higher total Fe and Al concentrations on some sampling occasions ( Table 1 ). Note that measure- ment of solid phases by the difference between total and dissolved concentrations with such synoptic sampling is unlikely to capture mineral precipitation and sedimentation out of the water column.
[ [40] During periods of stratification, the ratio between dissolved Fe concentrations in the epilimnion and in the oxic hypolimnion was greater than what would be expected if evapoconcentration were the only factor (compare Figures 5d and 5f with Cl profiles in Figures 5a and 5c ). The depth profile of Al, on the other hand, did not display higher concentrations in the epilimnion during stratified conditions. Neither Fe nor Al showed clear temporal trends. Acidity was calculated to be 0.14 mM, the majority of which was due to Al species.
[41] The Fe(II) concentration profile in May 2005 (Figure 5f ) indicated that Fe(II) was 30 -40% of the total dissolved Fe. Geochemical speciation calculations using total dissolved Fe concentrations and the in-situ redox potential in PHREEQC reproduced the measured Fe(II) concentration, which suggested that the redox potential measurements made in May 2004 and July 2004 could also be used to predict the Fe redox speciation on those occasions, as has previously been demonstrated in other acidic systems [Nordstrom et al., 1979; Nordstrom and Alpers, 1999; Davis and Ashenberg, 1989; Pellicori et al., 2005] .
[42] Saturation index (SI) values of 0 ± 0.5 indicate that precipitation/dissolution of specified mineral phases are likely to control the related aqueous species [Drever, 1997] . SI calculations indicated that precipitation/dissolution of amorphous Fe hydroxide (Fe(OH) 3 (am)) was probably controlling Fe(III) concentrations at all depths (À0.5 < SI < 0.3). Aluminum concentrations were possibly controlled by precipitation/dissolution of a hydroxysulfate (AlOHSO 4 , À0.6 < SI < À0.4) or hydroxide (Al(OH) 3 (cr), 0.2 < SI < 0.9) phase. Solution was undersaturated with respect to other phases such as halite (NaCl), or phases such as gypsum (CaSO 4 Á2H 2 O) that are commonly reported to control aqueous concentrations in mine lakes and other waters affected by acid mine drainage [e.g., Eary, 1999; Nordstrom and Alpers, 1999] .
[43] Concentrations of all species, including those that exhibited non-conservative behavior during stratification, were constant with depth during non-stratified periods (e.g., Figures 5b and 5e ).
Carbon and Nutrients
[44] Total N and TOC were composed predominantly of dissolved forms (Table 1) . During periods of stratification, NO 3 À concentrations displayed conservative depth behavior (Figures 6a and 6c) , with higher concentrations in the epilimnion, however concentrations decreased with time. In contrast, ammonium displayed elevated concentrations below the thermocline (Figures 6a and 6c) . At the pH and temperature measured in the lake, the DIC concentration in equilibrium with the atmospheric partial pressure of CO 2 is below the analytical detection limit (0.5 mg C L À1 ); measurements confirmed that the concentration of DIC was below detection limit in the epilimnion when the lake was stratified and throughout the water column when the lake was fully mixed, however, the DIC concentration in the hypolimnion reached up to 1.5 mg C L À1 (Figures 6d and 6f ). The concentration of organic carbon was higher in the hypolimnion than in the epilimnion during stratified periods (Figures 6d and 6f) . Total P and FRP concentrations were close to or below detection limits (5 -10 mg P L
À1
and 2 mg P L
, respectively) on most sampling occasions (not shown).
[45] Concentrations of all species were constant with depth during non-stratified periods (e.g., Figures 6b and 6e) .
Inflows
[46] During the river diversion period in 2004, the pH of the Collie River South Branch, as measured on 9 occasions, varied from 6.5-7, and DIC concentrations ranged from 6.2 to 7.9 mg C L
À1
. Concentrations of the major inorganic ions were similar in the lake and river (Table 1) , which is consistent with 95% of the volume of the lake originally being river water.
[47] The sample of surface water runoff collected during a rain event in July 2004 was fairly dilute relative to the lake water, however, concentrations of dissolved Al and total Al, Fe and P were high, and pH was much lower at 3.5 (Table 1) Figure 7) showed that concentrations of Cl and most major base cations increased over the intervening period, whereas SO 4 2À , Al, Fe, acidity, and most nitrogen and phosphorus species decreased, and organic carbon concentrations remained approximately constant. Mass balance calculations were utilized to investigate whether differences in trends between species could be explained solely by inflows and evapoconcentration, or whether additional sinks and sources were affecting concentrations. A conservative mass balance for chloride reproduced the evolution of the lake concentrations relatively well, whether assuming (1) no groundwater inflow (V g = 0) or (2) 2.2 GL groundwater throughflow with groundwater concentrations (C g,fit , Table 1 , Column 6) within the range of values observed in groundwater analyses (Table 1 , Column 5). Both scenarios indicated that the jump in Cl concentration in 2002 was due to river inflow, and the gradual increase in Cl concentrations since this time was predominantly due to evapoconcentration.
[49] The mass balance calculations indicated that the major part of the decrease in SO 4 2À and acidity concentrations between 2001 and 2004 -2005 could be explained by dilution by river water, or dilution and neutralization in the case of acidity, in both cases counteracting the effect of evapoconcentration. As for Cl, the SO 4 2À mass balance reproduced the change in the SO 4 2À concentration with time in both the scenarios with no groundwater and by the scenario with the 2.2 GL of groundwater throughflow with a calibrated concentration. However, for SO 4 2À the groundwater concentration required to reproduce the field observations was approximately 50% greater than the maximum concentration observed in the field (Table 1) .
[50] For the acidity mass balance, even the scenario with no groundwater (that is, with maximum effect of evapoconcentration) underestimated the field observations, and in the scenario with groundwater inflow and calibrated concentration, the required C g,fit was at the upper end of the observed concentration range. This suggested that either with or without groundwater inflow, there is an acidity loading on the lake. Interestingly, the required acidity concentration in the assumed groundwater inflow ($60 mg L À1 ) corresponds to $17 mg L À1 Fe(II), which is within the range of Fe concentrations observed in the groundwater (Table 1) . This loading may also be internal (see discussion below); these calculations do not allow for exclusion of either possibility. The acidity loading under the different groundwater scenarios was important for forward evolution of the lake acidity; specifically, the assumed acidity loading determined whether acidity in the lake remained constant or decreased with time ( Figure 7c) .
[51] Mass balances for organic carbon, phosphorus species and Al overestimated the observed lake concentrations in 2004 -2005, even when assuming pure dilution by groundwater (i.e., V g = 2.2 GL, C g = 0; Figures 7d-7f) . These results clearly indicated that the lake was a sink for these species. If the groundwater Fe concentrations were calibrated to reproduce the observed increase in the lake concentration in 2001 -2002, the lake was also a sink for Fe ( Figure 7g) ; the required groundwater concentration was well within the range of observed Fe groundwater concentrations (Table 1 ). For NO 3 À , the effect of river inflow plus groundwater dilution (i.e., C g = 0) closely reproduced the decrease in concentration observed in field (Figure 7h ).
Discussion
[52] From inspection of the concentration depth profiles over an annual cycle in the lake and comparison of external mass balances with the field data, we begin to form a conceptual model for processes controlling concentrations in the lake. The lake was monomictic over the 2003 -2006 period, with complete overturn in the winter and stable stratification during the summer. During stratification, biological or chemical oxygen demand was insufficient to result in anoxic conditions in the hypolimnion. As ammonium is generally rapidly oxidized to NO 3 À in the presence of DO, the ammonium accumulation observed in the oxic hypolimnion of Lake Kepwari would be unexpected in a neutral water body, however, this phenomenon is commonly observed in acidic water bodies, and is attributed to inhibition of nitrification at lower pH [Schindler et al., 1991; Villaverde et al., 1997] .
[53] For major conservative ions in solution, such as Cl, the balance of in-/outflows and evapoconcentration appeared to be the major control on concentration evolution, as saturation index calculations indicated that most major ions in solution were not controlled by solubility equilibria at the conditions in the lake during this investigation. On the other hand, Fe and Al appeared to be in solubility equilibrium with mineral phases. While the acidity loading to pit lakes typically originates from iron sulfide oxidation, solubility equilibrium with Al and Fe(III) hydroxides (see equation (2)) is commonly reported to buffer the pH within pit lakes [e.g., Geller et al., 1998; Eary, 1999] ; this would thus also appear to be the case in Lake Kepwari.
[54] In Lake Kepwari, water column acidity, predominantly in the form of dissolved Al, decreased after 2001 but was still present in the water column in 2004 -2005 (Figure 7) , indicating that the inflow of alkalinity with the river diversion has neutralized the acidity present in the lake in 2001 to a degree. However, alkalinity addition has been insufficient to overcome acidity originally present in the void when filling began. Furthermore, the conservative mass balances suggested that there was an additional acidity loading on the lake since 2001; an ongoing acidity loading is also consistent with the observed decrease in lake pH since the start of the project in 2004 (Figure 2 ).
[55] A possible source of acidity was a loading of Fe or Al on the lake (see equation (6)), for example in groundwater. Aluminum was not analyzed in the groundwater, however, high Fe concentrations, corresponding to up to 0.8 mM of acidity, were observed in some groundwater wells (Table 1) . Inclusion of iron-bearing groundwater in the mass balances was required to reproduce the observed increase in the Fe concentration in the lake in 2001 -2002 (Figure 7) , at which time the pH may have been sufficiently low (Figure 2 ) for Fe to exhibit conservative behavior. An alternative or additional possible source of Fe and acidity is ongoing oxidation of pyrite-bearing coal seams or waste rock exposed to the oxic water column along the lake boundaries and interior. Furthermore, deposits of mineral weathering products on pit walls and surrounding waste rock may have be dissolved as water levels rose in the lake. The latter process has been well documented during flooding of underground mines [e.g., Younger, 2000] and would constitute a single, pulsed source as Lake Kepwari was filled, whereas the previously mentioned potential sources may be ongoing. As previously discussed, the current mass balance calculations and data do not allow exclusion of either internal or external loading.
[56] Irrespective of the source(s) of acidity, the forward mass balances indicated that the potential for the acidity in Lake Kepwari to decrease is sensitive to the acidity loading (Figure 7c) . Furthermore, internal acidity sinks were not included in the mass balance calculation; if there were sinks in the lake, such as IAG, the magnitude of the acidity source(s) would be even greater. Ideally, IAG, together with any alkalinity inflow, would suffice to both neutralize the acidity present in the water column and maintain a natural buffering system against any ongoing acidity loading. As mentioned in the introduction, a possible alkalinity source is anaerobic, microbially mediated oxidation of organic matter in conjunction with the reduction of NO 3 À , Fe(III) or SO 4
2À
(equations (3) - (5)). However, this source of alkalinity has elsewhere been shown to be limited by the supply of organic carbon in pit lakes [e.g., Wendt-Potthoff et al., 2002; Frömmichen et al., 2003 Frömmichen et al., , 2004 . Sources and sinks of organic carbon in Lake Kepwari are thus likely to exert a strong influence on acidity balance and hence the long-term evolution of the lake pH.
[57] Organic carbon concentrations increased throughout the lake from May to July 2004 ( Figures 6d and 6e) ; the highest chlorophyll a measurements were also recorded in July 2004, suggesting the increase was due to primary production. Primary production is typically one of the major internal sources of organic carbon in lakes; furthermore, IAG calculations on (circum neutral) lakes showed that productive lakes have the capacity to generate up to ten times more alkalinity than non-productive lakes [Koschorreck and Tittel, 2007] . High levels of primary productivity, albeit with reduced biodiversity, have been reported under highly acidic conditions, suggesting that acidity in itself is not a limiting factor in organic matter production [Blouin, 1989; Nixdorf et al., 1998 ]. However, while Lake Kepwari was eutrophic with respect to inorganic nitrogen, it was oligotrophic with respect to total P, suggesting that primary production is limited by phosphorus availability [Wetzel, 2001] and is thus not likely to be a major contributor to the organic carbon pool in the lake. The low chlorophyll a concentrations observed in Lake Kepwari, relative to other systems [Wetzel, 2001] , also support this hypothesis.
[58] Limitation of primary productivity in Lake Kepwari may be indirectly exacerbated by the pH conditions in the lake, as under mildly acidic conditions the sorption of phosphorus to mineral surfaces is enhanced [e.g., Detenbeck and Brezonik, 1991] . Precipitation and sedimentation of Al and Fe(III) minerals out of the water column scavenges phosphorus from the water column; reductive dissolution of Fe(III) minerals (equation (4)) under anoxic conditions will lead to release of sorbed phosphorus, whereas Al minerals are not susceptible to this process [e.g., Kopacek et al., 2005] . Indeed, the subsequent sedimentation and sediment burial is so effective Al salts (or Fe, in oxygenated systems) are added to eutrophic water bodies to remove phosphorus and thereby limit primary production [e.g., Rydin et al., 2000; Kopacek et al., 2005] . The mass balances indicated that Lake Kepwari was indeed a sink of phosphorus, as well as Al and Fe (Figure 7) . Thus the phosphorus-mineral interaction at the intermediate pH in Lake Kepwari likely limits primary production, and hence the internal organic carbon supply for IAG, to a greater degree than in a circum neutral or highly acidic lake.
[59] As primary productivity and therefore organic carbon generation in the lake is constrained by phosphorus limitation, the slight increase in DOC concentration between May and July 2004 is likely to have been due to inflow of the river water with a relatively high organic carbon content (Table 1; (Figures 6e and 6f ) suggested an organic carbon sink throughout the water column, with a greater sink in the epilimnion. Aerobic decomposition of DOC is suggested by the observed accumulation of DIC and NH 4 + ( Figure 6 ) and partial depletion of DO (Figure 4 ) below the thermocline. This process would also occur in the epilimnion, probably at a higher rate due to higher water temperature and greater oxygen availability.
[60] Removal of organic carbon from the water column is also enhanced under acidic conditions, as evidenced by the greater transparency typically observed in lakes in response to a decrease in pH [e.g., Schindler et al., 1991 Schindler et al., , 1997 Bukaveckas and Driscoll, 1991] . This phenomenon has been attributed removal of DOC from the water column by flocculation with Al and sedimentation [Effler et al., 1985] . Indeed, as for phosphorus, Al and Fe salts are used in process engineering applications to remove DOC [e.g., Kastl et al., 2004] . Flocculation and sedimentation of DOC in Lake Kepwari would imply enhanced organic carbon transport to sediments, which would have long-term benefits for IAG in the sediments. However, confirmation that this process is occurring in Lake Kepwari would require more detailed sampling and analysis of material sedimenting out of the water column.
[61] An additional organic carbon sink that may be enhanced at the pH conditions in Lake Kepwari is photooxidation. The rate of photooxidation has been shown to increase with decreasing pH and increasing availability of light, Fe, and DO [Zepp et al., 1992; Gao and Zepp, 1998; Gennings et al., 2001; Anesio and Graneli, 2003; Molot et al., 2005] and accelerated photochemical loss of DOC to DIC under the low pH, Fe-rich conditions in acidic pit lakes has previously been suggested to lead to limitation of IAG [Herzsprung et al., 1998 ]. Photooxidation of organic carbon may thus contribute to the greater DOC sink term in the epilimnion of Lake Kepwari.
[62] Photochemical reactions of Fe with organic carbon may also explain the elevated epilimnetic Fe concentration in Kepwari, $40% of which was in the form of Fe(II) (Figure 5 ), a trend observed in other acidic, oxic lakes [Collienne, 1983; Herzsprung et al., 1998 ]. In neutral waters, abiotic oxidation of Fe(II) by oxygen is rapid and hence the concentration of Fe(II) usually low [e.g., Sivan et al., 1998 ];
as Fe(III) is relatively insoluble, precipitation and sedimentation of Fe(OH) 3 (s) would lead to eventual removal of Fe from the water column. However, with decreasing pH, the rate of Fe(II) oxidation decreases by orders of magnitude, unless mediated by acidophilic bacteria [Singer and Stumm, 1970] . Photoreduction-induced redox cycling back through the more soluble Fe(II) redox species, combined with a limited rate of Fe(II) oxidation, would allow the observed accumulation of Fe(II), and hence total dissolved Fe, in the epilimnion. Inflow of Fe(II)-bearing groundwater, pyrite oxidation (equation (1)), or Fe(II) release from sediments (equation (4)) may also contribute to the observed Fe(II) profiles, if localized to the upper regions of the lake. Further quantification of fluxes due to specific processes is required to assess the relative dominance of the different sources and sinks of organic carbon and Fe, and hence the overall impact of each process on the water column acidity balance.
[63] If IAG is occurring in anoxic Lake Kepwari sediments, this process would also constitute a sink for organic carbon in the lake. Given the ''ecological'' (thermodynamic) redox sequence of electron donors for organic matter oxidation and the high NO 3 À concentration in the lake, we would expect denitrification (equation (3)), with an associated decrease in NO 3 À , organic carbon, and acidity. These components have indeed decreased since 2001 (Figure 7 ), however as discussed above, there are many possible alternative sinks for DOC in Lake Kepwari, and there are indications of at least one additional source of acidity, implying that these parameters cannot be used to track denitrification. For NO 3 À , a conservative mass balance using high groundwater throughflow, with zero groundwater NO 3 À concentration, reproduced the observed NO 3 À concentration decrease in the lake (Figure 7h ). As the NO 3 À concentrations observed in the groundwater were in fact low (Table 1) , this would suggest that there was not a major sink of NO 3 À in the lake. However, as for other species, the assumptions of high groundwater throughflow and concentrations based on limited groundwater sampling need further validation before we can exclude the possibility of internal processes, such as denitrification, affecting lake NO 3 À concentrations. Quantification of external loading for all species, and/or well-constrained internal sink/source terms, is thus crucial for both testing the conceptual model of dominant processes controlling lake acidity and pH and for forward water quality predictions.
Conclusions
[64] This study has highlighted the need for integrated assessment of geochemical, physical, and biological processes in acidic pit lakes, as well as external mass balances, in order to assess evolution of pit lake water quality. In Lake Kepwari, the main controls on concentrations of major, conservative ions are the balance of in-/outflows and evapoconcentration. Acidity in the water column is predominantly in the form of Al, suggesting that solubility equilibrium control of Al is also controlling the pH in the lake. Water column acidity has decreased over a number of years, and the lake is a net sink for organic carbon, however, the decrease in acidity can mainly be explained by inflow of river alkalinity, suggesting that either the organic carbon is not being converted to alkalinity on a significant scale, or the effect is masked by additional sources of acidity, which may include Fe-rich groundwater. The acidic conditions in the lake likely reinforce organic carbon limitation on IAG, through enhanced photoreactions of organic carbon with Fe and phosphorus-limitation on primary production. Nitrogen cycling is also disrupted by the low pH, as has been observed in acidic systems elsewhere.
[65] The simple external mass balance approach applied here has allowed us to explore the degree of internal interactions between acidity and organic carbon, within the limits of the available data. However, once components enter a lake, the water quality is influenced by complex internal feedbacks between factors such as carbon and nutrient sources and sinks in the water column and sediments, mineral equilibria, redox reactions of oxygen and Fe, and stratification. External mass balances will quickly prove insufficient to predict evolution of water quality, particularly if in-lake primary production were to become a significant source of organic carbon, for example in response to remediation measure such as nutrient addition. Given the interdependence of carbon and nutrient cycles, geochemistry, and physical limnology, and the possibility of multiple sinks and sources for many key species, such as organic carbon and Fe, identification of dominant processes and forward prediction would be assisted by evaluation with a numerical model that quantifies all of these processes and feedbacks. Such a model would also inform the spatial and temporal design of future field campaigns and laboratory experiments to test and validate our process understanding. The quantitative study of integrated controls on pit lake water quality, for which long-term, well-constrained data sets are desperately needed, will also provide insight into the evolution of other systems where acidity may be overcome by organic carbon-driven processes, such as water bodies impacted by atmospheric acid deposition [Dillon et al., 1984] or drainage from acid sulfate soils [Burton et al., 2006] , and the development of primordial lakes and wetlands [Benison et al., 1998 ].
